Abstract-Although substrate integrated waveguide (SIW) technology is well established for the fabrication of microwave circuits on rigid printed circuit boards, and the first implementations of textile SIW antennas have recently appeared in literature, up to now, no complete set of SIW microwave components has been presented. Therefore, this paper describes the design, manufacturing, and testing of a new class of textile microwave components for wearable applications, implemented in SIW technology. After characterizing the adopted textile fabrics material in terms of electrical properties, it is shown that folded textile SIW components, such as interconnections, filters, and antennas form excellent building blocks for wearable microwave circuits, given their low profile, flexibility, and stable characteristics under bending and in proximity of the human body. Hence, they allow the full exploitation of the large area garments offered for the deployment of wearable electronics. Besides SIW interconnections, a folded textile SIW filter operating at 2.45 GHz is designed and tested. The filter combines excellent performance in the band of interest with good out-of-band rejection, even when accounting for the tolerances in the fabrication process. Finally, a folded SIW cavity-backed patch antenna is fabricated and experimentally verified in realistic operating conditions. Index Terms-Cavity-backed antenna, folded waveguide, substrate integrated waveguide, textile material, wearable systems.
I. INTRODUCTION
T HE development of novel applications for intelligent clothing and smart textiles is attracting more and more interest every year [1] - [3] . Specific application domains range from healthcare, over public safety, to military applications. In particular, wearable health monitoring is an attractive area for applications, given its very positive impact on the quality of life of the patients. Moreover, applications such as position tracking of rescue workers and communication with firefighters in critical conditions and harsh terrain motivate the research towards novel efficient wearable radio systems. Given its critical importance in wearable systems, the design of reliable S. Agneessens, H. Rogier, and A. Dierck are with Ghent University, 9000 Ghent, Belgium, and also with iMinds, Ghent, Belgium (e-mail: sam.agneessens@intec.ugent.be; hendrik.rogier@ugent.be; arnaut.dierck@ intec.ugent.be).
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wireless communication systems for wearable applications is a pivotal field of research. A textile integrated system performs its function while remaining conformal to the body shape and being comfortable to wear during deployment, without disturbing the movements of the user. Therefore, the development of passive components, active devices, and antennas, directly in textile material, is very challenging, since they must deliver high and stable performance in proximity of the human body, while maintaining the user's comfort. SIW technology is particularly suitable for implementation of wearable textile because of the simple manufacturing process, the possibility to fabricate conformal structures preserving the flexibility of the substrate, and, last but not least, its capability to keep electromagnetic fields completely isolated from objects in its neighborhood, such as the human body. Moreover, SIW technology leverages the integration of different components into a single substrate, such as passive and active devices, antennas, etc., with a low-cost fabrication process. Therefore, low-profile multilayer SIW components can fully exploit the large area available in garments by serving as building blocks of complete wearable microwave circuits. In addition, losses in SIW components may be minimized, thus increasing their efficiency [4] , [5] , even in proximity of the human body.
In terms of wearable textile microwave components, mainly antennas fabricated on textile materials have been proposed, combining robust electromagnetic performance with good wearer comfort [6] . In terms of topologies, mainly dipole antennas [7] - [9] and a variety of microstrip patch antennas operating in the industrial, scientific, and medical (ISM) band (2.4-2.4835 GHz), [6] , [10] - [13] and in GPS-L1 band (1.56342-1.58742 GHz) [14] , [15] were considered. Quite recently, the first SIW antenna [16] was introduced, followed by single-band [17] , dual-band [18] , and wideband [19] half-mode substrate integrated waveguide (HMSIW) textile antennas. These initial antenna designs prove the suitability of textile components in substrate integrated waveguide technology for body-worn systems.
In this paper, the implementation of a complete class of novel textile passive microwave components (interconnections, filters and antennas), realized in substrate integrated waveguide technology, is presented. Specifically, for the first time in literature, the folded SIW topology is applied to textile materials for the implementation of compact wearable microwave components, as this configuration achieves a size reduction without compromising the electromagnetic performance. Some specific guidelines are given to deal with fabrication tolerances and variations 0018-9480 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. in material parameters typically encountered when designing components using textile materials. Furthermore, the performance of the different components is validated in different adverse but realistic operation conditions, such as bending and body proximity. In Section II, the basic issues in the design and fabrication of SIW on fabric materials are discussed. In particular, dedicated framework is proposed, making use of broadband and narrowband algorithms, for the accurate electromagnetic characterization of fabric materials serving as substrates for SIW components. In Section III, a single-layer SIW interconnection is described, and in Section IV, the designs of folded SIW components and their experimental characterization are reported in the light of the previous results. Finally, a folded SIW cavity-backed patch antenna is presented.
II. IMPLEMENTATION ISSUES

A. Fabrication Process
The manufacturing process of textile-based SIW structures consists of the following steps: first of all, the conductive layers are cut from conductive fabric (specifically, electro textile), according to the layout of the design. Subsequently, these conductive layers are attached to the substrate by means of thermally activated adhesive sheets, paying particular attention to the alignment of different layers. Eventually, two or more substrate layers are glued together to obtain a proper substrate thickness or to implement multilayer components. Finally, for the realization of metalized via holes, an eyelet press is used to fix the brass eyelets into the substrate at the correct locations. In fact, the use of eyelets provides a good ohmic contact between the two ground planes and preserves the flexibility of the structure (Fig. 1) . Although the prototypes presented in the sequel were manufactured manually, an automated textile-based SIW fabrication process can easily be set up for mass production by making use of industrial laminators, patterning systems, and a CNC automated eyelet punching machine.
In this work, a closed cell expanded rubber, usually adopted as a protective foam against impact, was chosen as a substrate for the fabrication of the SIW components. This specific material is light, flexible, flame retardant, and exhibits very good resistance against oils and solvents. For these reasons, it is commonly used in firefighters' suits. Moreover, the foam is waterrepellent and, hence, characterized by a low-moisture regain, which ensures that its material properties at microwave frequencies will vary only slightly in various relative humidity conditions [20] . Therefore, wearable microwave components implemented using this substrate material will exhibit stable characteristics in realistic operation conditions. The 3.94-mm-thick textile material adopted in this work is not produced for microwave applications, and, therefore, the electrical characteristics of the foam are not perfectly known a priori. In addition, they can vary slightly among different batches. In fact, the foam may exhibit small inhomogeneities of density and height, which can cause a moderate variability in the electrical parameters.
For the conductive layers, instead of copper sheets, a commercially available electro textile was adopted. The conductive Taffeta, a copper plated nylon fabric, is flexible and breathable, and exhibits a surface resistivity at 2.45 GHz, characterized by applying the technique described in [21] .
B. Design Challenges of SIW on Textile Fabrics
The design of textile microwave components presents challenges that are not usually faced when realizing circuits onto plastic or ceramic substrates, as typically encountered in microwave applications. In particular, specific issues related to the implementation of SIW structures on textile materials, such as compression and inhomogeneity of the fabric substrate, were also studied in [6] , [16] , and [17] .
For the implementation of SIW structures on textile substrates, the compression of the textile due to the via holes must be taken into account in the design. In fact, the techniques used for the metallization of the vias, such as embroidering a conductive yarn [17] or fixing the eyelets [16] , cause compression of the substrate, and, consequently, a modification of the geometrical structure of the component. The compression may result in a variation of the cutoff frequency of SIW structures or a degradation of the performance in SIW components and circuits. Therefore, it is fundamental to consider these aspects in order to achieve a more realistic and accurate model of the SIW structure.
Another feature of fabric materials is their inhomogeneity, which is typical of flexible materials and that must be taken into account, especially when operating at high frequency. Moreover, traditionally, off-the-shelf fabrics are not completely characterized from the electromagnetic point of view, since they are not commonly adopted as microwave substrates. Yet, knowledge of the electrical properties of the textile materials is fundamental to correctly design the circuits. Consequently, an accurate characterization of the substrate over the frequency band of interest is mandatory. Several methods can be used to characterize the electrical properties of the material, among them, a very common approach is based on the measurements of interconnections with different lengths [22] , [23] . The scattering parameters measurement of two interconnections with different lengths allows us to remove the influence of connectors and transitions by a de-embedding process and to extract the electromagnetic properties from the complex propagation constant [22] .
C. Dedicated Material Characterization Technique
In a first step, the electrical properties of the substrate in a broad frequency range were preliminarily determined by using a technique based on two microstrip lines with different length [21] .
The use of this characterization technique yields the values of electric permittivity and the loss tangent , which represent a good starting point for the following steps in the characterization procedure.
Next, to verify the frequency dependence of the effective permittivity and the loss tangent of the foam, a dedicated material characterization technique was adopted. When deriving the effective electrical parameters of the substrate, it is essential to take into account some specific effects, related to the SIW implementation on textile materials, such as the compression of the substrate due to the pressure of the eyelets. This method consists of analyzing the resonance frequencies and the quality factors of a square SIW cavity. The substrate is a single-layer textile with a thickness of 3.94 mm. The lateral walls of the cavity were implemented by means of eyelets with a diameter of 4 mm and a total height of 6 mm (consisting of a metal cylinder of approximately 4 mm and two flanges). The height of eyelets was selected to guarantee the metallization of the via holes and a good connection between the bottom and top metal layers of the cavity. Based on the previous knowledge of the electrical characteristics of the substrate and of the conductive Taffeta, the dimensions of the structure were selected in such a way that the resonant frequency of the fundamental (quasi-) -mode was approximately 2.45 GHz, corresponding to the center frequency of the 2.4-GHz ISM band. The cavity is excited by a coaxial line through a surface-mount adjustable (SMA) connector (Fig. 2 ). The prototype of the SIW cavity is shown in Fig. 2(b) .
The measurement of the cavity provided a resonance frequency of the fundamental mode at 2.506 GHz (Fig. 3, black  line) . Consequently, the first step to determine the electrical properties of the substrate was the estimation of the permittivity by a parametric analysis; by setting the value of in the simulation setup, a perfect overlap between measured and simulated resonance frequency was achieved.
As a second step, to identify the losses of the substrate, the quality factor related to the dielectric losses was calculated. The quality factor of the cavity can easily be derived from the unloaded quality factor and the quality factor related to the conductor losses [22] . Moreover, the radiation losses should also be considered. However, since the design rule is respected [4] , this type of loss can be neglected. By adopting the equivalent waveguide concept [5] , the quality factor related to the conductor losses can be computed analytically: the equivalent conventional rectangular cavity was studied considering the conductivity of Taffeta for the top and bottom layers, and the conductivity of brass for the lateral walls. The calculated value of is 207. In order to confirm this result, a numerical simulation of the SIW structure was performed by using the electromagnetic solver Ansys HFSS. The value computed by HFSS was 211, which validates the result achieved with the analytical method.
Conversely, the unloaded quality factor can be estimated directly from the measured input matching of the fabricated SIW cavity with the method described in [24] . First of all, the coupling coefficient is calculated by (1) where is the minimum value of the input matching expressed in decibels. In order to make a correct evaluation, the feeding pin was not located near the center of the cavity, as at that point, is more sensitive to positioning errors. The distance 21.2 mm [ Fig. 2(a) ] between the coaxial line and the center of the cavity permits a more accurate estimation of . Afterwards, the value of the input matching at the frequency where the phase of is 45 was determined by using the following formula [24] :
Finally, is computed by (3) where is the resonance frequency of the fundamental cavity mode, whereas and are the frequencies corresponding to . The quality factor of the cavity is estimated starting from the and the coupling coefficient , using
From these analyses, it results that and, consequently, that . Once is obtained, can be calculated as (5) Taking into account the accuracy of the estimation of the quality factor (in order of 10%), the value of loss tangent derived in this way is 0.017.
After completing this material characterization technique, the cavity was resimulated with the updated values of relative dielectric permittivity and loss tangent . As shown in Fig. 3 , the frequency response of the reflection coefficient, simulated by using the updated electrical parameters, perfectly overlaps with the measured result. In addition, the measured and simulated input matching of the SIW cavity were compared over a broader frequency range, namely from 2 to 10 GHz (Fig. 4) .
The simulated data shown in Figs. 3 and Fig. 4 were obtained by taking into account the SMA connectors, which are not included in the calibration of the measurement setup. In this way, the measured and simulated data can be compared since the ref- erence plane is the same, and any error in the phase of the input matching is avoided. A good agreement, for both magnitude and phase of can be observed in Fig. 4 . Yet, beyond 8 GHz, a slight shift of the resonances and incorrect levels of the local maxima of magnitude as well as a discrepancy in the phase can be noticed.
Further analyses were performed to evaluate the electrical characteristics of the textile material as a function of frequency. According to the method presented, the estimation of the dielectric permittivity and loss tangent can be done only at the resonant frequencies of the cavity. For each resonance, the electrical parameters were extracted with the method described above, and the curves of the estimated values of and were estimated (Fig. 5) . The graph shows that the electrical parameters of the substrate are quite constant over a wide bandwidth, and the estimated values ( and ) are a good approximation even for relatively high frequencies.
III. SINGLE-LAYER SIW TEXTILE INTERCONNECTION
After evaluating the electrical characteristics of the substrate, an SIW interconnection on textile was designed. Since the band of interest is the ISM band around 2.45 GHz, the interconnection was designed with a cutoff frequency of the fundamental mode 1.62 GHz. This performance can be obtained by properly selecting the geometrical dimensions of the SIW structure [ Fig. 6(a)] [4] . In particular, the width of the SIW is 79 mm, the diameter of metal vias is 4 mm, and their longitudinal spacing is 8 mm. The adopted substrate is a single foam layer with a thickness of 3.94 mm. In order to characterize the component by a network analyzer, the transitions from the 50-microstrip line to SIW were included in the design of the interconnection ( 32.7 mm, 23 mm, and 13 mm). A prototype of the SIW interconnection with a length 96 mm is shown in Fig. 6(b) . Fig. 7(a) shows the simulated and measured magnitude of scattering parameters of the SIW interconnection. The measured cutoff frequency of the (quasi-) -mode is 1.65 GHz, and the insertion loss at 2.45 GHz is 2 dB. Both and exhibit a good agreement between simulated and measured data, demonstrating the precision of the substrate material characterization and the reliability of the fabrication process. A good agreement is also shown in Fig. 7(b) , in which the measured and simulated phases of are compared. In this case, as for the cavity, the effect of the connectors that terminate the SIW interconnection is taken into account in the simulation. The goodness of the estimation of the electrical properties of the substrate is demonstrated by the perfect overlapping of the two curves.
As already mentioned, due to the flexibility of the material, the use of textile as a substrate for microwave systems opens new perspectives in the applications, which include the employment of conformal structures. In this condition, the effect of bending has to be studied. Therefore, the S-parameters of the SIW interconnection for a bending radius of 50 mm were measured. As shown in Fig. 8 , the effect of the deformation can be considered negligible since only small changes in the cutoff frequency of the waveguide can be noticed.
In fact, the average value of the in the transmission band remains at 2 dB, and the reflection coefficient of the component is still smaller than 10 dB.
IV. FOLDED SIW TEXTILE COMPONENTS
The implementation of substrate integrated folded waveguide (SIFW) components was subsequently investigated. The SIFW structure consists of a standard SIW folded around a metal septum. The SIFW configuration was proposed for the first time in [25] and permits to achieve a considerable reduction in the footprint of the components, while keeping comparable performance as a standard SIW. In fact, the width of the waveguide can be decreased by more than 50%, at the cost of an increase of a factor two in thickness. For the implementation on textile, the structure consists of two stacked substrate layers with the upper and lower faces metallized, a conductive sheet glued in between them, and two rows of eyelets as lateral walls. A gap is defined between one side of the waveguide and the center conductor, as shown in Fig. 9(a) .
In the design of the SIFW interconnection, the gap plays a fundamental role in the performance of the waveguide. In fact, once the width and the height of the SIFW are fixed, the dimension significantly affects the cutoff frequency of the fundamental mode, while the cutoff frequency of the second (quasi-) -mode remains unchanged. A larger gap produces an upward shift of the cutoff frequency of the (quasi-) -mode. This behavior can be explained by a circuit-oriented approach: the variation of the gap width causes a variation of the capacitance per unit length of the waveguide.
The SIFW configuration proves particularly suitable for the implementation of textile components, because multilayer components are perfectly feasible on textile and, at the same time, the reduction in dimension enables the integration of complete on-body systems (including interconnections, passive components, and antennas).
A. SIFW Interconnection
The proposed SIFW interconnection was designed to exhibit the same cutoff frequency of the fundamental mode as the SIW interconnection presented in Section III 1.62 GHz . In the design, two textile layers with thickness 3.94 mm were adopted. The width of the waveguide resulted to be 41.2 mm, which corresponds to a reduction of 47.8% with respect to the standard SIW interconnection. Furthermore, the dimension of the gap was set to 4 mm. This value was chosen conservatively by taking into account the potential inaccuracy of the fabrication process. In fact, even though this value does not permit to minimize the width of the waveguide, it avoids any undesired contact between the central metal sheet and the side wall made of eyelets. Finally, a 50-stripline-to-SIFW was designed for maximum operation bandwidth ( 28.7 mm, 19.6 mm, 8.5 mm). In Fig. 9(b) , a photograph of the substrate integrated folded waveguide is shown. The component and the transitions are completely shielded by two sheets of conductive Taffeta. Fig. 10 shows the simulated and measured scattering parameters of the SIFW interconnection with a length 96 mm. The insertion loss curves are in good agreement in the operation bandwidth of the SIFW, whereas the cutoff frequency has slightly shifted upward by 45 MHz. The reason of this mismatch is attributed to the misalignment of the central conductive sheet. In fact, a small error of the value in the prototype can explain the frequency shift. The insertion loss of the SIFW interconnection is 1.49 dB at 2.45 GHz, a value that is smaller than the insertion loss of the SIW interconnection in Section III.
The smaller insertion loss can be explained by the different transitions to planar interconnections: in case of the SIFW, a stripline is adopted, which is completely shielded and does not exhibit any radiation losses. On the contrary, the microstrip-to-SIW transition applied in the design discussed in Section III suffers from small radiation losses.
In real-life applications, the textile components are exposed to mechanical stress, which can deteriorate the performance of the components. For this reason, the effect of compression onto the folded SIW interconnection was investigated. The protective foam applied as substrate exhibits a compression set of 30% [6] , which means after compressing the substrate for 72 hours, the material only regains 70% of its original height. Therefore, two different simulations of compression were performed. In the first setup, the thickness of each layer of the interconnection was reduced to 2.76 mm instead of the original 3.94 mm (30% of reduction). The results of Fig. 11 show that only a small upward shift of the cutoff frequency is obtained: the decrease of the thickness influences the electric field in the gap area and causes a reduction of the total width of the interconnection. However, the resulting effect is modest since, except for the gap portion, the field configuration of the fundamental mode of the SIFW interconnection is not affected by the change in the thickness of the waveguide.
Besides the reduction in height, compression of textile fabrics and foams will typically also cause in increase in material permittivity, as experimentally verified in [25] . Hence, a second analysis was performed considering both a 30% reduction in thickness of the structure and a 10% increase of the dielectric permittivity [6] . The effect on the frequency response is a shift towards lower frequencies of the cutoff frequency of the quasimode (Fig. 11) . The variation due to the change of is more significant than the compression phenomenon, since it considerably affects the electromagnetic behavior of the SIFW interconnection.
B. SIFW Bandpass Filter
A two-pole SIFW bandpass filter was designed to operate in the frequency band centered at 2.45 GHz. Several typologies of filters are suitable for implementation in folded integrated waveguide. Among others, the most common are the standard 
inductive iris filter [5] , the filter with H-plane septa [26] , [27] , and the H-plane filter with transversal slots [27] . The proposed filter on the textile substrate is based on the last topology. This topology was selected because it is compact and it exhibits a better out-of-band rejection than the other classes of filters. The structure consists of an SIFW with three slots cut out in the central conductive sheet. Moreover, two metalized posts at the two ends of the filter were added as shown in Fig. 12 . A 50-stripline-to-SIFW transition was designed for testing the component.
The filter was fabricated and experimentally verified with a network analyzer. The measured results are in good agreement with simulated data [ Fig. 13(a) ]. The 3-dB bandwidth of the filter is 725 MHz, and the insertion loss is 2.3 dB at 2.45 GHz.
The frequency response of exhibits two poles, which correspond to even and odd resonant modes of the cavity defined by the two posts [as shown in Fig. 13(b) ]. The desired frequency response in the band of interest was achieved through the analysis of the mode spectrum of the SIFW cavity, including the insets. Moreover, the dimensions of the transversal slots were optimized to obtain a very good selectivity above the transmission band. A good out-of-band rejection is achieved due to the symmetry of the filter (including the feeding lines) with respect the metal septum; in this condition, the cavity modes, which satisfy the electric wall condition on the plane of symmetry, are not excited. Furthermore, the metalized holes near the transitions improve the frequency response in the lower frequency range. In fact, the addition of the posts permits to improve the selectivity of the filter and the out-of-band rejection at low frequencies.
This configuration permits to significantly reduce the length of the filter. Therefore, by limiting the propagation path of the electromagnetic field in the lossy textile substrate, the insertion loss in the operation band decreases.
To verify the robustness of the filter design, a set of parametric analyses were performed. In particular, the inaccuracies due to the fabrication process were simulated to investigate the level of degradation introduced in the performance of the SIFW filter. Three different error contributions in the position of the central metal layer were analyzed: a shift along the X-axis, a shift along the Y-axis, and a rotation with respect the center of the structure. 
V. FOLDED SIW CAVITY-BACKED PATCH ANTENNA
Besides passive components such as interconnections and filters, a folded SIW cavity-backed patch antenna was designed and implemented on textile. In fact, for wearable applications implementing wireless communication, the antenna is one of the most important components of the system, as it should guarantee good radiation performance as well as unobtrusive and comfortable integration in a garment. A fundamental characteristic of the antenna topology should be its small size, because it enables easier integration into suits. For this reason, SIFW technology was adopted, to reduce the dimensions of the antenna by realizing a multilayer structure.
The proposed antenna topology consists of a folded SIW cavity with a square ring aperture cut out in the top metal layer, thus forming a radiating patch with side [ Fig. 15(a) ]. In order to obtain the folded SIW cavity, two textile layers with the same thickness of 3.94 mm were stacked, and an inner metal patch with side was glued in between them. A metal via, implemented by a rivet with a diameter of 2 mm, was placed at the center of the cavity to connect the bottom ground plane and the lower metal patch. The via holes that define the lateral walls of the cavity were properly spaced to avoid radiation leakage . The side length of the inner patch was chosen in order to both minimize the dimensions of the cavity and prevent high conductor losses, which could arise when a small gap between the metal patch and the side walls of the SIW cavity is used. The dimensions of the square ring slot cut out in the top metal sheet were selected to maximize the radiation efficiency and to broaden the operating bandwidth of the antenna.
The antenna is fed from the back side by a coaxial probe. The position of the feeding pin was chosen for optimal coupling with the fundamental mode of the metal patch. A good input matching can be obtained with the feeding point located on the diagonal of the patch, 11.3 mm away from the center of the cavity. The position of the feed permits to achieve broadside radiation with the electric field linearly polarized along the diagonal of the cavity.
A prototype of the antenna was fabricated, and some photographs are shown in Fig. 15(b) and (c) .
Finally, the antenna was measured in standalone conditions to evaluate its electromagnetic performance. The simulated and measured input matching characteristics of the antenna are shown in Fig. 16(a) . From the measurement, it is clear that the specification for the 2.4-GHz ISM band is fulfilled since the reflection coefficient is smaller than 10 dB over a bandwidth of 130 MHz around the 2.45 GHz, with a maximum input matching at the frequency of 2.43 GHz.
In addition, the influence of mechanical bending was experimentally evaluated: the antenna was bent around a cylinder with radius of 50 mm. Both bending around the X-axis and around the Y-axis were considered. The variation of the input matching due to bending is negligible, as shown in Fig. 16(b) . This result proves that the antenna characteristics will remain stable both when the antenna is deployed on persons of different body morphology and when the antenna bends due to movements of the wearer. A more detailed statistical analysis may be applied to study bending effects following the procedure outlined in [28] . Moreover, the effect of the compression was investigated. The same phenomena already studied for the SIFW interconnection were analyzed, but the results achieved are very different. In fact, as shown in Fig. 16(c) , the effect of compression is much more significant than in the previous analysis. It causes a shift to higher frequency in the reflection coefficient of the antenna which, when the dielectric permittivity is adjusted, returns to satisfy the ISM band specifications. For the folded SIW cavity-backed patch antenna, the effect of compression on the reflection coefficient is balanced by the increase in permittivity directly caused by the mechanical stress.
Furthermore, the radiation pattern of the antenna was measured in anechoic chamber. In particular, taking into account the polarization of the antenna, the radiation pattern on planes 45 and 135 was measured at the frequency of 2.45 GHz. Fig. 17 shows the comparison between simulation and measurement, which are in very good agreement. The antenna provides an efficiency of 74%, with a maximum gain of 5.93 dBi at boresight direction, which is consistent with the simulated value (5.9 dBi). The front-to-back ratio of the antenna is approximately 18 dB.
Finally, the antenna was integrated into a human body-worn jacket, and its electrical characteristics were measured. The effect on the reflection coefficient is negligible and the radiation patterns on the two planes of interest remain very similar to the measurements in standalone condition (Fig. 17) . These measurements confirm the suitability of SIW components for on-body applications. In fact, by adopting this technology, we achieved a low influence of human body on the performance of the antenna and a high front-to-back ratio, which is fundamental to reduce the specific absorption rate (SAR). Furthermore, the folded SIW antenna provides a small footprint with respect to other textile antenna: a 43% reduction with respect to [16] and an 80% reduction with respect to [13] , where the design includes an EBG structure to improve the front-to-back ratio and reduce the radiation toward the body.
VI. CONCLUSION
The design of several SIW components and antennas, realized entirely in textile materials, has been presented. The values of the electrical parameters employed in the designs were extracted by means of a dedicated characterization technique, based on the measurement of a SIW cavity. Interconnections, as well as a bandpass filter and a cavity-backed antenna, were realized in order to investigate the use of the folded substrate integrated waveguide technology (SIFW) for wearable electronics. The fabricated prototypes are lightweight, flexible, and very compact. They exhibit good electromagnetic performance in comparison to implementations on more conventional microwave materials. These characteristics make the components suitable for a complete integration in smart textiles. Moreover, our measurement results, together with those obtained in [16] , indicate that high robustness against bending is obtained, thus making textile SIW circuits well-suited for on-body use.
